The purpose of these studies was to examine the time course of the cerebrovascular response to acute hypoxia in unanesthetized ponies. An electromagnetic flow transducer chronically placed on the internal carotid artery of the pony allowed continuous recording of in ternal carotid artery blood flow (lCBF) which has been shown to be representative of cerebral blood flow (CBF). The ponies were subjected to three levels of acute iso capnic hypoxia (Pa02 = 62,44, and 39 mm Hg for hypoxia level I, II, and III, respectively), and the temporal and steady-state cerebrovascular response was examined. ICBF increased significantly at all three hypoxia levels (8, 25, and 40% at hypoxia I, II, and III, respectively).
The time course of the cerebrovascular response to hypoxia is uncertain because continuous mea surement of brain blood flow is difficult. The re sponse of localized portions of the cerebrovascular bed, such as pial arterioles (Craigen and Jennett, 1981) or local cortical blood flow measured with microelectrodes (Silver, 1978) , appears to be rapid. When total cerebral blood flow (CBF) has been measured, however, the time course of the response has been variable. The increase in CBF occurred in < 1 min in acutely hypoxic rats (Borgstrom et aI., 1975; Nilsson et aI., 1975) and goats (Doblar et aI, 1979) , whereas in conscious humans it increased after 3-8 min (Shapiro et aI., 1970) . All previous animal studies were performed under anesthesia. It such rapid increase in flow was observed; rather, the in crease occurred only after 5 min of hypoxia. Microsphere (15 f-Lm diameter) measurements from six ponies during the most severe level of hypoxia (III) demonstrated that CBF increased 38%. Noncerebral tissues known to be vascularly connected to the circle of Willis, and thus ca pable of receiving blood flow via the internal carotid ar tery, either did not change or increased so slightly during hypoxia that their effect on ICBF was minimal. These data imply that mediators of the cerebrovascular re sponse to hypoxia must be capable of sensing hypoxia and affecting cerebrovascular smooth muscle within sec onds. The slower time course in mild hypoxia suggests other mechanisms may be involved when Pao2 is greater than 50 mm Hg. Key Words: Cerebral blood flow-Elec tromagnetic tlowmeter-Hypoxia-Microspheres Pony (Equus caballus).
is likely that factors responsible for cerebrovascular dilation to hypoxia are modified by anesthesia, since many anesthetic regimens reduce brain me tabolism and blood flow (Purves, 1972; Lassen and Christensen, 1976) , and may alter responsiveness to vasoactive stimuli.
In the present study, temporal characteristics of the cerebrovascular response to three levels of acute isocapnic hypoxia were examined in unan esthetized ponies. The anatomy of the pony allows placement of an electromagnetic flow transducer on the internal carotid artery for continuous moni toring of brain blood flow, circumventing ligation of extracranial vessels. Previous experiments using ar terial corrosive casts and intraarterial injections of microspheres have shown that the internal carotid artery of the pony carries blood destined primarily for the brain (Orr et aI., 1983 ). An additional ad vantage is that, unlike some other animals used in cerebral circulation studies, the pony does not have a carotid rete mirabile in the cerebral arterial cir-cuit. This is especially important when considering temporal characteristics of the cerebral circulation, since transient changes in flow may be damped should the rete act as a capacitor. The size of the pony and consequent large blood volume allowed repetitive sampling of arterial blood for accurate monitoring of blood gases. Thus, transient changes in both CBF and arterial blood gases were moni tored simultaneously. Microspheres were used to measure total and regional CBF (rCBF) in conjunc tion with flowmeter measurements, and served to validate the internal carotid blood flow (ICBF) as representative of CBF.
METHODS

Animal preparation
Experiments were performed on small mixed-breed ponies (mean weight, 140 kg) while they stood unre strained in a wooden stanchion. Several days prior to the experiment, the animals were anesthetized (glycerol guia colate, 5 giL, plus sodium thiopental, 2 giL), and an elec tromagnetic flow transducer (Biotronix Laboratories, Kensington, MD, U.S.A.) of appropriate size (2.5, 3.0, or 4.0 mm diameter) and a snare-type occluder were placed on the left internal carotid artery, as previously described (Orr et al., 1983) . Blood flow was measured with an electromagnetic flowmeter (BL 612, Biotronix). The output from the flowmeter was monitored on a cathode-ray oscilloscope, and mean flow (electrically av eraged with a low-pass filter) was recorded on a chart recorder (Servo Recorder, model EUW-20A; Heathkit, Benton Harbor, MI, U.S.A.). The measurement system had a time constant of 1.1 s. Zero flow was obtained in the conscious animal by mechanical occlusion of the in ternal carotid artery. Each flow probe was calibrated post mortem in vitro by flowing whole pony blood through the internal carotid artery, with the probe on the vessel. In addition, in those animals receiving microsphere injec tions, a polyethylene (PE 160) catheter was placed in the left facial artery for withdrawal of a reference blood sample, and another polyethylene catheter was placed in the left ventricle, as previously described (Busija et aI., 1980) , for injection of microspheres. For measurement of arterial blood pressure and withdrawal of arterial blood samples for blood gas and pH analysis, two polyethylene catheters were placed into the aorta, percutaneously, under local anesthesia (Will and Bisgard, 1972) . Blood pressure was measured with a Statham pressure trans ducer (P23ID). Arterial blood was analyzed for pH, PC02, and P02 with conventional electrodes (Radiometer; Londen Co., Cleveland, OH, U.S.A.), as previously de scribed by Orr and Busija (1979) .
Experimental protocol
Time course of JeBF measured with flowmeter. Sev eral days following surgical placement of the flow trans ducer, the transient and steady-state response of ICBF to decreased Pao2 was measured. The animals were fitted with a mask attached to a nonrebreathing valve and in spired humidified, premixed gases from a neoprene bal loon. The animals were previously trained to stand in the wooden stanchion and to accept the face mask and at tached apparatus and became accustomed to their sur-roundings, with no apparent signs of distress. The three levels of hypoxia induced were: I [fraction of inspired O2 (F102) = 0.16], II (F102 = 0.11), and III (F102 = 0.08), in which Pao2 was reduced from 85 mm Hg to 62, 44, and 39 mm Hg, respectively. Preliminary experiments, in which arterial blood was sampled every 5 s during the induction of hypoxia III, showed that PaC02 began to de crease at the time that rate and depth of breathing in creased (ventilatory changes were determined qualita tively by observing the flaps on the nonrebreathing valve). On the other hand, addition of CO2 to the inspired gas at the beginning resulted in a transient increase in PaC02' These transient fluctuations in PaC02 were pre vented by adding 3-4% CO2 to the inspiratory gas at the time that ventilation increased. This time varied for each experiment, but averaged around 20-30 s. Since venti lation was not changed during hypoxia I, it was not nec essary to add CO2 to that hypoxic gas. The order in which each oxygen level was administered was randomized, and each animal was allowed at least a 20-30-min recovery period between oxygen levels.
It has become apparent from these and previous studies using the pony in this laboratory that the maximum de gree of hypoxia that one can expect to achieve is a Pao2 of �40 mm Hg. Below this level, the animals become agitated and cannot be studied. In the present experi ments, therefore, during hypoxia III, F102 was adjusted to produce the greatest reduction in Pao2 without agitating the animal. When the pony showed signs of distress, the F102 was increased until the pony became quiet again. During hypoxia III, total ventilation increased from 13.6 ± 0.8 to 42. 3 ± 5. 3 Llmin/m 2 • Hypoxia was induced for a period of 15 min. ICBF and mean arterial blood pressure were monitored prior to, during, and for 5 min following the procedure. Arterial blood was sampled during the control period and at 15, 30, 45, 60, and 90 s, and 2.5, 3.5, 5, 10, and 15 min. Internal carotid peripheral resistance (ICPR) was calcu lated as the ratio of mean arterial blood pressure to ICBF at each time period. Steady-state measurements of ICBF were determined at control and at 15 min. This was ac complished by determining the mean ICBF over a 2-3 min period by integrating the flow signal with a planim eter and dividing by the length of the time period. These steady-state values were used for statistical comparison between control and hypoxic ICBF values. A total of 11 experiments was performed in five ponies.
Measurement of cerebral and noncerebral blood flow with microspheres. In six unanesthetized ponies, total and regional CBF were determined with micro spheres during breathing of room air, following 15 min of iso capnic hypoxia (hypoxia III), and after 20 min of breathing room air again. Hypoxia was induced by al lowing the animals to inspire �8% O2, with CO2 added as described above. Arterial blood was sampled prior to and following each microsphere injection and analyzed for blood gases, and the two values were averaged. Mean arterial blood pressure was monitored continuously during each flow determination.
CBF was determined with carbonized radiotracer mi crospheres, 15 fLm in diameter, labeled with 57CO, IJ3Sn, 46SC (New England Nuclear, Boston, MA, U.S.A.), or 85Sr (3M, St. Paul, MN, U.S.A.). The microspheres, sus pended in 10% dextran with 0.01% Tween 80 added, were sonicated for � 5 min and then shaken vigorously on a Vortex mixer for 2 min prior to injection. Between 4 and 5 X 106 microspheres (volume, 0.9-1. 3 m!) were injected directly into the left ventricle through the ventricular catheter with a tuberculin syringe. The catheter and sy ringe were then flushed twice with 10 ml of warmed sa line. The entire injection procedure lasted � 1 min. For 5 s before, during, and for 90 s after the injection of micro spheres into the left ventricle, a reference arterial blood sample was withdrawn at a constant rate (11.1 mllmin) from the left facial artery. Either three or four micro sphere injections were made in each animal, resulting in 15 or 20 x 106 microspheres cumulatively injected during an experiment. The order of isotopes injected was ran domized.
The animals were sacrificed (T -61, euthanasia solution; American Hoechst Co., Somerville, NJ, U.S.A.), and the brain was sectioned into right and left cerebrum, cere bellum, mesencephalon-diencephalon (midbrain), pons, and medulla, and prepared for counting as described pre viously (Busija et aI., 1980) . In addition, several nonce rebral tissues from the head were sampled (masseter and orbital muscles, nasal mucosa, and ethmoidal turbinates). Tissue samples were counted on a multichannel pulse height analyzer (model NS-710; Tr acor Northern, Mid dleton, WI, U.S.A.) with a 3-in well-type NaI(Tl) crystal. The energy windows used were (keY): 57CO, 50-160; 113Sn, 330-452; 85Sr, 480-555; and 46SC, 730-1260 . Fol lowing correction for overlapping energies of the nu clides, the flow (F) to each tissue in mllmin was calcu lated from the following equation:
At and A, are the activities (cpm) of the tissue and ref erence blood, respectively. Flow to each tissue was di vided by its weight and mUltiplied by 100 to yield flow per 100 grams of tissue. To tal flow to all regions was summed to yield total brain blood flow. Cerebrovascular resistance was calculated as the ratio of mean arterial blood pressure to CBF.
Statistical analysis
In the studies using chronically implanted electromag netic flowmeters to measure transient changes in ICBF, five animals were used. Due to technical difficulties, we were unable to perform an equal number of experiments on each animal. Of a total of 11 experiments, five were performed in one animal, three in another animal, and one in each of three additional animals. The data were analyzed by a one-way analysis of variance with repeated measures. In this analysis, the variance component due to individual experiments (performed on different days) could be factored out. Our concern, however, was whether the data might be biased by the animal in which five experiments were performed. This does not appear to be the case for the following reasons. First, intraanimal variance was homogeneous (Fmax test). Second, the time course and the magnitude of the responses of ICBF to hypoxia were similar in all five ponies. Finally, when the analysis was repeated utilizing a single value in each cell per animal (reducing n to 5), the results of the analysis were not changed.
For analysis of rCBF, a two-way analysis of variance with repeated measures was used. In this analysis, ox ygen was one factor and brain regions the other. A Stu dent-Newman-Keuls test was used when appropriate. A value of p < 0.05 was considered significant.
RESULTS
Transient response of ICBF to three levels of hypoxia
Figure lA illustrates a recording of mean ICBF over a period of 3 min during control conditions. Also shown is the effect of mechanical occlusion of the internal carotid artery to obtain zero flow. No tice that upon release of occlusion, flow returned to the preocclusion level within seconds, demon strating that the response characteristics of the system were sufficiently fast to resolve rapid changes in ICBF. Shown in Fig. 1B is the response of mean ICBF to hypoxia III. Figure 2 illustrates the changes in mean P a02' PaC02, and ICBF during 15 min of exposure to three levels of hypoxia. During breathing of room air, P aOZ was 85.4 ± 1.1 mm Hg, and after 15 min was decreased to 62.1 ± 1.9, 44.3 ± 2.5, and 39.5 ± 2.0 mm Hg for hypoxia levels I, II, and III, re spectively. During hypoxia II and III, P a02 de creased rapidly, and over 90% of the change oc curred within 45 s. Arterial blood Pcoz remained constant throughout the 15-min exposure at all three levels of hypoxia. ICBF was increased by 8%, 25%, and 40% after 15 min of hypoxia I, II, and III, respectively (p < 0.05). As indicated in Fig. 2 , the increase in ICBF occurred rapidly, within 45-90 s of the reduction in inspired 02' During the initial 60 s of hypoxia I, Pa02 fell rapidly to slightly less than 70 mm Hg, and no rapid increase in ICBF was observed. During the ensuing 4 min (1-5 min of hypoxia 1), P a02 de creased gradually to 63 mm Hg, also with no as sociated changes in ICBF. During the final 10 min (5-15 min of hypoxia I), however, Pa02 was con stant but ICBF increased significantly. Thus, during hypoxia I there was a gradual increase in ICBF which could not be explained by changes in Pa02, Pacoz, or blood pressure, suggesting a slow com ponent influencing cerebrovascular resistance during very moderate hypoxia. There appears to be a slow increase in ICBF during the final 10 min of hypoxia II, with a time course similar to that during J Cereb Blood Flow Metabol, Vol. 3, No. 4, 1983 hypoxia; however, this latent increase in ICBF was not statistically significant.
Changes in ICPR mirrored those changes ob served for ICBF ( Fig. 3) . ICPR began to decrease within 45 s, and reached a steady state within 60-90 s at hypoxia II and III. At hypoxia I, ICPR did not change significantly. Changes in mean arterial blood pressure and heart rate also occurred within 60-90 s and were steady throughout the remaining 15 min during hypoxia II and III. Since ICPR was calculated from mean arterial blood pressure and ICBF, these data do not take into account the pos sibility that intracranial pressure may have in creased during hypoxia. If intracranial pressure in creased, then cerebral perfusion pressure was less than mean arterial blood pressure, and ICPR changes would be underestimated. Of course, intra cranial pressure or cerebral venous pressure could not be measured; however, our experience with other animals (newborn lambs) has been that sag ittal sinus pressure changes only minimally (3-4 mm Hg) when CBF is doubled. Since changes in ICPR were at least as rapid as ICBF changes, we do not think the time courses of ICPR changes were affected by those of intracranial pressure.
To assess the relative timing of the response of Pa02, ICBF, ICPR, and blood pressure to more se- vere hypoxia (III), we calculated the time in sec onds at which the variable in question had reached 50% of its total change (L iz). The tl/2 for Pao2, ICBF, mean arterial pressure, and ICPR was 18 ± 2, 48 ± 2, 43 ± 4, and 43 ± 2 s, respectively. Of greater interest is the speed of response of ICBF, ICPR, and blood pressure in relation to the stim ulus, i.e., the decrease in Pao2. Therefore, the la tency or lag time of the response of each variable was calculated as the difference between the tl/2 of the variable (lCBF, ICPR, or blood pressure) and the tl/2 of Pao2. The increase in ICBF during hy poxia III lagged behind the reduction in P a02 by 28 ± 2 s, ranging from as fast as 17 s to as slow as 35 s. This lag time was not significantly different from that during hypoxia II (24 ± 3 s). The lag time for the increase in blood pressure (mean, 25 ± 2; range, 13-34 s) and ICPR (mean, 24 ± 3; range, 16-34 s) was the same as that for the increase in ICBF.
Cerebral and noncerebral blood flow during hypoxia measured with microspheres
Arterial blood gases, hemodynamics, and tissue blood flows for the six ponies in which flow was measured with micro spheres during steady-state hypoxia are presented in Ta ble 1. P a02 was reduced from 94.3 to 39.4 mm Hg, whereas PaC02 and pH were unchanged. Mean arterial pressure increased by 17.5 mm Hg, and heart rate increased by 37 beats/min; cerebrovascular resistance decreased by -0.28 mm Hg/(mi/min/IOO g). When breathing of room air was resumed, blood gases and blood pres sure returned to control values within 15 min. rCBF during control conditions was highest in the cerebrum and cerebellum, followed by midbrain and pons, with the lowest flow in the medulla. To tal CBF increased by 38% during this level of hypoxia, which is similar to the 40% increase in ICBF. The increases in flow were similar in all brain regions (d flow = 25, 31, 24, 35, and 28 mlimin/IOO g in the medulla, pons, midbrain, cerebellum, and ce rebrum, respectively). Blood flow to noncerebral tissues (masseter muscles, orbital muscles, and nasal mucosa) did not increase during hypoxia; however, the increase in flow (28 mlimin/IOO g) to the ethmoidal turbinates was significant. With re sumption of room-air breathing, all flows returned to control values, except for the ethmoidal turbi nates, in which flow was less than that of controls.
DISCUSSION
In this study we attempted to continuously mon itor CBF during acute changes in arterial O2 con centration in unanesthetized ponies. The principal finding was that CBF increased above control values at all three levels of hypoxia in a dose-related manner, and this increase was rapid when Pao2 was suddenly reduced below 50 mm Hg. The slight in crease in CBF during mild hypoxia (level I; Pao2 = 62 mm Hg) appeared to develop more slowly. The validity of these findings depends on the re liability of the use of ICBF as a measure of CBF. Previous experiments have shown that, in the pony, the internal carotid artery supplies primarily brain tissues (Orr et aI., 1983) . In addition, radioactive microsphere measurements in the present study provide further support for the use of ICBF since:
(1) The steady-state increases in ICBF and CBF at a P a02 of 40 mm Hg were of the same magnitude (Orr et aI., 1983) , with no regional redistribution of flow within the brain. (2) Blood flow to noncerebral tissues known to be vascularly connected to the circle of Willis did not change during hypoxia and so probably does not contribute to changes in ICBF. Only in the ethmoidal turbinates was flow in creased; however, this increase (3. 2 mllmin) could account for a maximum of 12% of the observed in crease in ICBF. (3) The 40% increase in total brain blood flow and in ICBF is comparable to that found at similar levels of hypoxia in conscious humans (Kety and Schmidt, 1948; Cohen et aI., 1967; Shapiro et aI., 1970) , as well as in anesthetized dogs (Kogure et aI., 1970; Tr aystman et aI. , 1978) and rabbits (Quint et aI., 1980) . The changes in ICBF observed in the present study during acute hypoxia therefore are probably a true reflection of changes in CBF.
Although large reductions in P a02 are known to cause large increases in CBF, the influence of mod erate levels of hypoxia (P a02 between 50 and 100 mm Hg) are not easily determined, since changes that may occur at these P a02 levels are probably small and easily masked by random changes in other influencing factors, such as P aco2' Conse quently, some authors report that brain blood flow does not change until P a02 is reduced below a threshold of �50 mm Hg (Shimojyo et aI. , 1968; Kogure et aI. , 1970) . The use of an electromagnetic flowmeter on the internal carotid artery has allowed repetitive measurements of ICBF during both nor moxie and hypoxic conditions. By making control measurements prior to each level of hypoxia, we were able to improve the sensitivity of the experi mental design. In the present study, ICBF increased slightly (8%) when Pao2 was decreased from 85 to 62 mm Hg, arguing against the concept of a P a02 threshold at which CBF begins to increase. This is in agreement with the findings of Borgstrom et aI. (1975) in anesthetized rats.
The present investigation is, to the author's knowledge, the first continuous measurement of CBF during acute hypoxia in unanesthetized, un restrained animals. Increases in ICBF and therefore CBF were shown to be rapid during more severe hypoxia, lagging behind the reduction in P a02 by 24-28 s. This confirms similar time lags of 30-40 s reported in anesthetized goats (Doblar et aI. , 1979) and of 1-2 min in rats (Borgstrom et aI., 1975) , but not in conscious humans in which CBF increased steadily and continuously for the 8-min exposure to isocapnic hypoxia (Shapiro et aI. , 1970) , Utilizing the cerebral venous outflow technique, CBF was shown to begin to increase within 5 -lOs of the reduction in P a02 in another study in rats (Nilsson et aI., 1975) .
The time course of the increase in CBF following a sudden reduction of inspired oxygen depends on several factors, one of which, and most important, is the temporal characteristic of the primary me diator of hypoxic cerebrovasodilation. However, one must also consider the time course of the re duction in P a02 in relation to the increase in CBF. The time at which P a02 begins to decrease and the speed with which it falls will be largely dependent on the rate and depth of ventilation when F 102 is reduced. Consequently, the low O2 gas will equili brate with pulmonary capillary blood more rapidly. This may explain in part why small animals such as rats show a more rapid initial decrease in P a02 and increase in CBF than reported in the present, as well as other, large animal studies (Doblar et aI., 1979) . Also to be considered is the circulatory time from the pulmonary capillary bed to the cerebro vascular resistance bed. This might also be more rapid in rats than in ponies and may further explain the slower time from onset of hypoxia to increase in CBF [29 ± 2 s in ponies (present study) vs. 10 s in rats (Nilsson et aI. , 1975) ]. To avoid these prob lems in the present experiments, we have examined the time course of the cerebrovascular response in relation to the decrease in Pao2. We assume that the temporal changes in descending aortic blood P02 represent the time course of the blood perfusing the cerebral resistance vessels. The latency of CBF response calculated in these experiments as the dif ference in it/2 for P a02 and t1/2 for ICBF should estimate the latency from local stimulus (i.e. , low P a02) to local vasodilation.
In isolated femoral artery strips (500-1000 f.Lm diameter) where Pao2 changes in the vessel lumen could be directly determined, vasodilation lagged behind the decrease in luminal Pao2 by 10-15 s (Carrier et aI, 1964) . Even more rapid responses were found when P02 and flow were recorded lo cally with microelectrodes (Silver et aI. , 1978) . When brain cells were electrically stimulated, flow increased within 1-3 s of the reduction in local tissue Po2• Since electrical stimulation probably in creased local metabolism, one cannot be certain whether the vasodilation was directly dependent on the reduced P02 or on the local release of some vasodilator substance. If the latter is the case, then the vasodilator substance was probably released si multaneously with local decrease in Po2, and so va sodilation might also occur almost simultaneously. Thus, comparison between the response of Silver's rats and our ponies is not warranted.
Another factor influencing the latency of the re sponse would be the diffusional distance for O2 or vasodilator substance to the local vascular smooth muscle. In this respect, one might speculate that the slower response time in our ponies and the goats of Doblar et ai. (1979) compared to that in rats may reflect species differences with respect to the morphological characteristics of the resistance vessels involved in the response.
As pointed out by others, the rapid response of the cerebrovascular bed to acute hypoxia suggests involvement of mediating factors that also have such a rapid time course. Therefore, accumulation of lactate, which appears to be slower, probably did not cause vasodilation in the early stages of hy poxia. Mechanisms which might be responsible for the early cerebrovasodilation include direct effects of reduced P02 on vascular smooth muscle, extra cellular accumulation of K + or adenosine as a result of insufficient local tissue O2, or hypoxic stimula tion of peripheral chemoreceptors.
Since ICBF increased simultaneously with mean arterial blood pes sure in the present study, it is ap parent that ICBF changes occurred simultaneously with stimulation of arterial chemoreceptors. Similar observations are reported in anesthetized beagles (Jennett et aI., 1981) . Based on work from other laboratories, however, the role of peripheral che moreceptor stimulation in hypoxic cerebrovasodi lation is questionable, since chemodenervation does not alter CBF changes during hypoxia (Heistad et aI., 1976; Tr aystman et al., 1978) , and further, the effect of chemoreceptor stimulation on cerebral vessels, if any, is probably vasoconstric tion rather than vasodilation (Vatner et aI. , 1980) . The effects of acute arterial hypoxia on the ce rebrovascular resistance vessels is most likely me diated either directly by the effect of reduced ox ygen tension on the vessel wall or indirectly by local release of vasodilators from extravascular tissue. Unfortunately, it is technically difficult to separate direct effects from indirect effects of O2 on vascular wall tension (for a review on this subject see Sparks, 1980) . In the brain, however, local tissue hypoxia appears to be essential for the pial vessel dilation during arterial hypoxia (Kontos et al., 1978b) . The length of the time lag for cerebrova sodilation observed in the present study would seem to support the arguments for an indirect effect of Po2, since CO2, which acts directly on vascular smooth muscle, causes cerebrovasodilation with no detectable delay (Nilsson et aI. , 1975 , and our own unpublished observations).
Potassium could be responsible for the rapid in crease in ICBF. Potassium dilates pial vessels (Kus chin sky et aI., 1972), and some investigators have implicated it as a possible mediator of cerebrova sodilation during hypoxia. In the guinea pig, during brief exposures to anoxia, cortical extracellular K + activity increased rapidly between 15 and 30 s after inhalation of N2 (Morris, 1974) . This rapid increase in K + activity is quite similar to the time course the increase in ICBF observed in the present study. Astrup et ai. (1978) , however, were not able to de tect any significant increases in cortical extracel lular K + concentration after 60 s of hypoxia (Po2, 26 mm Hg) in rats, even though CBF increased by 400%.
Adenosine, like K +, causes vasodilation (Berne et aI. , 1974; Wahl and Kuschinsky, 1976) . Also, like K + levels, brain adenosine levels have been shown not to change (Nilsson et aI. , 1978) or to increase (Rubio et aI., 1975) during hypoxia. Winn et ai. (1981) have examined the rapidity of the increase in brain adenosine concentration during a 30-s ex posure to N2• In those experiments, Pao2 decreased to 20 mm Hg by 20 s, with a significant increase in tissue adenosine at 30 s. It would appear that ele vation of tissue adenosine in response to hypoxia is sufficiently rapid to account for the rapid increase in CBF observed in the present study. As shown in Fig. 1 (hypoxia III) , however, ICBF started to in crease at a time when P a02 had reached only 50 mm Hg. If adenosine accumulation does not occur until a threshold Pao2 of 50 mm Hg (Winn et aI., 1981) , this would require that brain adenosine levels in crease immediately to cause vasodilation in the present study. Whether such a threshold P a02 ac tually exists, however, is uncertain because mea surements of tissue adenosine may not directly re flect extracellular, or for that matter perivascular, adenosine concentrations. Consequently, current techniques cannot detect the time course or the magnitude of changes in adenosine at the site of the vascular smooth muscle cells. Based on these data, a possible role for adenosine in the rapid increase in ICBF during severe hypoxia cannot be ruled out.
The different temporal characteristics of cerebro vasodilation at various levels of hypoxia observed in the present study support the contention that the cerebral circulation is regulated by more than one factor (Plum, 1978) . One explanation for the slower response in mild hypoxia might be that factors me diating rapid vasodilation do not play a role above a critical threshold Pao2, such as was shown for adenosine (Winn et aI., 1981) . Thus, at less severe hypoxia, slower mechanisms such as lactate accu mulation may predominate.
An alternative explanation for the slower time course in cerebrovascular response to mild hypoxia rests with the fact that blood pressure remained un changed, whereas during more severe hypoxia blood pressure increased. The rapid increase in pressure may have caused stretching of passive components of cerebral blood vessels, leading to a decrease in resistance. Such an effect of blood pres sure on cerebral vessels can be ruled out for two reasons. First, it is known from direct observation of pial vessels that the response to acute increases in blood pressure in the range reported here is ac tive vasoconstriction rather than passive dilation (Kontos et aI., 1978a) . Second, CBF increased with a similar time course in anesthetized rats, even though, in those studies, blood pressure decreased rather than increased (Borgstrom et aI., 1975; Nilsson et aI., 1975) . Another explanation could be that the slower time course in mild hypoxia is due to slow increases in noncerebral tissue via vascular connections between the circle of Willis and extra cranial structures (Orr et aI., 1983) , while CBF is actually not changed. This possibility cannot be ex cluded; however, it is unlikely, since flow to those extracranial structures was found to increase mini mally in more severe hypoxia and, therefore, would not be expected to increase more significantly in mild hypoxia.
In summary, the cerebrovascular re sponse to three levels of hypoxia was studied in unanesthe tized ponies by continuous measurement of CBF with an electromagnetic flow probe placed on the internal carotid artery. The findings confirm earlier reports from anesthetized animals that the cerebro vasculature responds within seconds to acute, se vere reductions in arterial oxygen, and imply that mechanisms responsible for the vasodilation are equally rapid. On the other hand, mild hypoxia was found to increase CBF with a slower time course, suggesting that the importance of various factors in mediating cerebrovasodilation during hypoxia may depend on the degree of hypoxia.
